ABSTRACT
Hsp70 proteins are highly versatile chaperones that assist a large variety of folding processes, ranging from folding of newly synthesized proteins to facilitation of proteolytic degradation of unstable proteins (1) (2) (3) (4) . This functional diversity requires Hsp70 proteins to associate promiscuously with misfolded proteins as well as selectively with folded substrates, including low-abundance regulatory proteins. Correct selection of substrates is postulated to be a role for DnaJ cochaperones, which control the ATPase cycle of Hsp70 proteins.
ATP regulates the affinity of Hsp70 for substrates. Hsp70 exhibits low affinity and fast exchange rates for substrates in the ATP state, and high affinity and low exchange rates in the ADP state (5, 6) . Hydrolysis of ATP thus locks substrates into the substrate-binding cavity of Hsp70, and this key step is positively controlled by DnaJ (7) (8) (9) (10) (11) . Substrate release is mediated by ADP͞ATP exchange, a process that is catalyzed for some Hsp70 homologs by GrpE nucleotide exchange factors (8, 9, 12, 13) .
The assumed role for DnaJ cochaperones is to target Hsp70 partner proteins to their substrates by catalyzing ATP hydrolysis by Hsp70 (2, 14) . Cells encode multiple DnaJ homologs which share a conserved stretch of Ϸ75 residues, defined as J domain, but differ with respect to the other domains (15) (16) (17) . The J domain is required for stimulation of ATP hydrolysis by Hsp70 (18, 19) . The other domains appear to permit selective association of DnaJ homologs with defined subgroups of the Hsp70 substrates (16) .
Little is known about the mechanism by which DnaJ exerts its targeting function in the Hsp70 chaperone cycle (2, 19) . For the Escherichia coli DnaJ homolog and its Hsp70 partner, DnaK, it has been shown by NMR analysis that the J domain of DnaJ (DnaJ2-75) interacts with the ATPase domain of DnaK (20) . Furthermore, the J domain is insufficient to stimulate ATP hydrolysis by DnaK. This fragment in addition required either the Gly͞Phe-rich region of DnaJ, located C-terminal of the J domain, or a peptide substrate provided in trans (18, 19) .
We investigated central features of the mechanism by which DnaJ cooperates with Hsp70, using E. coli DnaJ and DnaK as a model. We show that DnaJ tightly couples ATP hydrolysis with binding of protein substrate by DnaK, through a mechanism that involves communication between the ATPase and substrate-binding domains of DnaK. DnaJ also allows the DnaK system to discriminate between peptide and protein substrates and thus to prevent jamming with peptides. A mechanistic model for the action of DnaJ is proposed that is likely to be valid also for eukaryotic Hsp70 members.
MATERIALS AND METHODS
Refolding of Denatured Luciferase. Firefly luciferase (Sigma) was denatured in 6 M guanidinium hydrochloride (Gdn⅐HCl) and refolded (80 nM luciferase, final concentration) essentially as published (21) , in renaturation buffer containing DnaK (800 nM), GrpE (400 nM), ATP (5 mM), and DnaJ as indicated. Luciferase was refolded for 30 min at 30°C and activity was monitored at room temperature.
ATPase Assays. For standard determinations, DnaK⅐ATP complexes were prepared and tested for ATP hydrolysis in single-turnover assays as described (9) , with a final concentration of DnaK of Ϸ500 nM. For quenched flow measurements at 25°C, equal volumes of ATP (8 M) and nucleotidefree DnaK (9.6 M) were preincubated for 10 s before 1:1 mixing with various concentrations of DnaJ in a QUENCHED flow apparatus (KinTek). The reaction was quenched after 0.5 s with perchloric acid, and the ATP͞ADP ratio was determined as described (22) . Rate constants were determined with the program GRAFIT (Erithacus Software, Staines, U.K.).
Mutant Design and Protein Purification. Construction of dnaK mutants and purification of DnaK and GrpE proteins were as described (23, 24) . The DnaJ purification protocol will be published elsewhere (H. J. Schönfeld, personal communication).
Crosslinking. Cysteine-424 of DnaK-Q424C was reduced with DTT (25 mM) for 1 h at 30°C, and excess DTT was removed by microdialysis against 25 mM Hepes-KOH, pH 7.0͞50 mM KCl͞1 mM EDTA. 4-(2-Iodoacetamido)benzophenone (BPIA) in 2-fold excess was added for 1 h in the dark. Uncoupled BPIA was quenched by 4-fold excess of 2-mercaptoethanol for 10 min. The sample was dialyzed at 4°C for 3 h against 25 mM Hepes-KOH, pH 7.6͞50 mM KCl͞5 mM 
RESULTS AND DISCUSSION
Differing DnaJ Requirements for DnaK ATPase Stimulation and DnaK Chaperone Activity. To analyze the functional interaction between DnaK and DnaJ we first determined the full potential of DnaJ to stimulate ATP hydrolysis by DnaK, using single-turnover quenched flow experiments. We prepared nucleotide-free DnaK, which was injected in the flow chamber, followed by rapid mixing with first ATP and then DnaJ, and finally by quenching with perchloric acid. At the conditions used, the ATP hydrolysis rate of 6 ϫ 10 Ϫ4 s Ϫ1 was stimulated by DnaJ to a maximal value of 0.79 Ϯ 0.11 s Ϫ1 , obtained by fitting the quadratic solution into the data by nonlinear regression (Fig. 1A) . To reach efficient stimulation, high DnaJ concentrations (Ն15 M), a Ͼ6-fold molar excess of DnaJ over DnaK, were required. The high DnaJ concentration needed for maximal stimulation of ATP hydrolysis cannot be due to absence of GrpE in these assays because GrpE is known to stimulate nucleotide exchange, but not hydrolysis of ␥-phosphate that is monitored here (8, 9, 12, 13) .
The high DnaJ concentration required for efficient stimulation of ATP hydrolysis does not reflect the cellular situation because in E. coli the DnaJ concentration is an order of magnitude lower than the DnaK concentration (25) . A shift of E. coli cells to heat shock temperature does not change this stoichiometry and causes only 2-to 3-fold increase in DnaJ and DnaK concentrations, suggesting a similar situation under stress. Furthermore, the high concentrations of DnaJ necessary for efficient ATPase stimulation are unproductive for chaperone activity in vitro, as determined by DnaK-dependent refolding of unfolded luciferase. The efficiency of luciferase refolding was maximal at DnaJ concentrations that were low (around 160 nM) and substoichiometric to DnaK, and low at DnaJ concentrations that were high (Ն800 nM) and optimal for ATP hydrolysis stimulation (Fig. 1B) . The several hundredfold difference between the DnaJ concentrations optimal for chaperone activity and efficient hydrolysis stimulation (without substrate) is consistent with two alternative explanations. Either weak stimulation of the DnaK ATPase by DnaJ is sufficient for optimal chaperone activity, or efficient stimulation of the DnaK ATPase by DnaJ requires presence of chaperone substrates.
Efficient Stimulation of the DnaK ATPase Requires DnaJ and Protein Substrate. We tested whether DnaJ requires the presence of chaperone substrates to efficiently stimulate the ATPase of DnaK. We determined in single-turnover ATPase assays whether two protein substrates, heat shock transcription factor 32 (26) and unfolded luciferase (21, 27) , affect the ability of DnaJ to stimulate ATP hydrolysis. DnaJ was added at low concentration (50 nM; 0.1:1, DnaJ:DnaK) which allows efficient luciferase refolding but not stimulation of ATP hydrolysis. In the absence of DnaJ, 32 and unfolded luciferase (at 2 M) stimulated hydrolysis poorly (5.6-and 1.1-fold, respectively, Fig. 2A ). In the presence of DnaJ, they strongly stimulated ATP hydrolysis, by Ϸ140 and Ϸ120-fold at 2 M 32 and luciferase, respectively (Fig. 2 A) . Such strong stimulation was also observed at various concentrations of DnaJ and DnaK (e.g., Fig. 1 A) . We also determined in single-turnover experiments the stimulation of ATP hydrolysis in a luciferase refolding reaction at optimal refolding conditions by adding DnaK⅐[␥- , which is 160-to 250-fold above the intrinsic rate, and decreased toward the end of the reaction (data not shown). Stimulation of ATP hydrolysis by DnaJ and refolding activity of DnaK are thus correlated.
To determine the maximally stimulated rate of ATP hydrolysis by DnaK, we titrated protein substrate to constant concentrations of DnaK and DnaJ. Such experiments were Fig. 2B ). The maximally stimulated rates were similar to those reached at a high concentration of DnaJ without substrate (Fig. 1 A) .
These results indicate that DnaJ and protein substrates act synergistically to provide two signals required for stimulation of ATP hydrolysis by DnaK. This finding is consistent with, but goes well beyond, the previous result (19) that a fragment of DnaJ comprising the J domain can cooperate with a peptide to stimulate the DnaK ATPase activity. The previous study suggested that the Gly͞Phe-rich region of DnaJ provides a second signal required for stimulation of the DnaK ATPase. Our findings demonstrate that full-length DnaJ, at low stoichiometry with respect to DnaK as found in vivo, must act synergistically with a protein substrate to fully stimulate ATP hydrolysis by DnaK. Because ATP hydrolysis closes the substrate-binding cavity of DnaK (5, 6, 14) , this synergism allows DnaJ to tightly couple hydrolysis of ATP with locking-in of substrates in complex with DnaK.
In similar set of ATPase experiments we replaced protein substrates by peptide substrates. The tested peptide ( 32 -Q132-Q144) is a substrate for DnaK (K d ϭ 100 nM) (28) and stimulated DnaK ATP hydrolysis by 8.9-fold (Fig. 2B) . However, it does not act synergistically with DnaJ in stimulation of hydrolysis, even when added at saturating concentration up to 100 M. A similar result was obtained with another peptide substrate ( 32 -M195-N207) (28) (data not shown). These results contrast with those obtained with protein substrates. They indicate that the DnaJ-dependent mechanism of stimulation of ATP hydrolysis, and thus of locking-in of substrates in the substrate-binding cavity of DnaK, is efficient with the proteins but not the peptides tested, and thus allows DnaK to discriminate in these cases between the two types of substrates. Although the physiological relevance of this discriminatory function of DnaJ is unclear at present, we propose that it avoids unproductive jamming of the DnaK chaperone system with peptides, as generated in vivo by proteolysis. The mechanism by which DnaJ allows DnaK to discriminate between protein and peptide substrates is unclear as well. The distinction between peptide and protein substrates may already be established by the DnaJ-substrate interaction. DnaJ has been found to have lower affinity for peptides ( 32 -Q132-Q144; To distinguish between these alternatives we tested the second mechanism. It predicts that a mutation in DnaK affecting substrate binding should also affect DnaJ action. We constructed a DnaK mutant protein with a Val-436 to Phe exchange (DnaK-V436F). Phe-436 is predicted by modeling into the atomic structure of the substrate-binding domain of DnaK (30) to block the central hydrophobic pocket of the substrate-binding cavity. The V436F mutation did not cause global structural changes within DnaK, as judged by circular dichroism spectroscopy and partial proteolysis (data not shown). Furthermore, the mutational alteration did not cause strong changes in substrate specificity as judged by scanning of DnaK binding to peptide libraries. However, the overall affinity for substrates was lower, 17-fold for 32 ( Fig. 3A) , which was caused by a 20-fold decrease in the association rate. 32 was much less efficient in stimulating ATP hydrolysis by DnaK-V436F as compared with wild-type DnaK (Fig. 3B) . Importantly, DnaJ, with and without protein substrate ( 32 ), only poorly stimulated ATP hydrolysis by DnaK-V436F (Fig.  3 C and D) . DnaJ titration revealed that, compared with wild-type DnaK, the mutant required 5-to 10-fold more DnaJ to reach similar stimulation (Fig. 3D ). This finding strongly suggests a mechanism in which stimulation of ATP hydrolysis by DnaJ requires binding of substrate in the substrate-binding cavity of DnaK.
Mutations in DnaK Altering the Interdomain Communication Affect Stimulation of ATPase Activity by DnaJ. We considered that the mechanism by which DnaJ and protein substrate cooperate to stimulate ATP hydrolysis operates through the known interdomain communication of DnaK that couples ATP binding͞hydrolysis in the ATPase domain with substrate binding in the adjacent domain (6, 9, 11, 19 ). This possibility cannot be stringently concluded from the data available so far. To test for participation of interdomain communication, two DnaK mutant proteins altered in the putative linker connecting these domains, DnaK-VLLL389,390,391,392AAAA (DnaK-A4) and DnaK-LL390,391DD (DnaK-D2) (Fig. 4A) were analyzed. These mutant proteins showed no overall structural and functional alterations (data not shown), but they lacked interdomain communication as judged by their inability to release substrate upon addition of ATP (Fig. 4C) . Importantly, ATP hydrolysis by these mutant proteins was normal in the unstimulated state but could not be stimulated by DnaJ with or without protein substrate ( 32 ) (Fig. 4B) . This defect was not caused by alterations in nucleotide binding and release as determined by kinetic measurements (data not shown). This indicates that the interdomain coupling mechanism of DnaK is also essential for DnaJ action.
DnaJ-Mediated Crosslinking of Substrates into the Substrate-Binding Cavity of DnaK. The two-signal mechanism of DnaJ action is in apparent contradiction to earlier findings that DnaJ at high concentrations efficiently stimulates ATP hydrolysis by DnaK, even in the absence of substrate (9, 19) . One explanation is that DnaJ itself, when provided at high concentration, serves as substrate for DnaK in the absence of other substrates.
To investigate this possibility we tested whether the DnaJ259 mutant protein, which fails to stimulate ATP hydrolysis by DnaK because of a point mutation in the HPD motif of the J domain (18) , can still provide the second signal as substrate when present at high concentration (Fig. 2B) . When added separately, DnaJ259 at high concentration and wild-type DnaJ at low concentration only poorly stimulated ATP hydrolysis. When added together they efficiently stimulated ATP hydrolysis, indicating that DnaJ and DnaJ259 act synergistically, similar to the action of DnaJ and protein substrate.
We then tested directly the ability of DnaJ to associate with the substrate-binding cavity of DnaK. Residue Gln-424 of DnaK was mutated to Cys (DnaK-Q424C) to position cysteinespecific, heterobifunctional crosslinkers for crosslinking of Biochemistry: Laufen et al. Proc. Natl. Acad. Sci. USA 96 (1999) substrates. DnaK-Q424C had no detectable functional and structural defects in vivo and in vitro (data not shown). After coupling with crosslinker BPIA, DnaK-Q424C was incubated with substrates, DnaJ, and ATP in various combinations, followed by photocrosslinking (Fig. 5A ). Nine nonsubstrate proteins tested (e.g., BSA, IgG, trigger factor) failed to crosslink to DnaK-Q424C with or without ATP (Fig. 5A , lane 8 for trigger factor with ATP; Western blot for trigger factor not shown). DnaK-Q424C dimers were crosslinked in absence of ATP and competing substrate (Fig. 5A, lane 3) and dissociated in ATP (Fig. 5A, lane 4) . Dimerization of DnaK through binding of another DnaK molecule in the substrate-binding cavity was expected, given the characteristics of DnaK oligomerization, which suggest DnaK-DnaK contacts to be DnaK-substrate contacts (31) . When 32 was present, heterodimeric crosslinking products between DnaK-Q424C and 32 formed (Fig. 5A, lane 5) . The efficiency of crosslinking decreased upon addition of ATP and high-affinity peptide substrate ( 32 -Q132-Q144; K d ϭ 100 nM) but not low-affinity peptide ( 32 -H107-N120; K d Ն 10 M) (28) (Fig. 5A, lanes 6  and 7) .
When DnaJ was added to DnaK-Q424C, crosslinking products between DnaK-Q424C and DnaJ (identified by immunoblots) formed, more populated at high DnaJ concentration and in ATP (Fig. 5A, lanes 9-12) In separate experiments we used cysteine-specific crosslinking to obtain physical evidence for a role of DnaJ to allow DnaK to discriminate between protein and peptide substrates. In the absence of DnaJ with or without ATP, a 5-fold molar excess of 32 -Q132-Q144 peptide substrate over 32 was sufficient to prevent the association of 32 with DnaK (Fig. 5B,  lanes 6 and 7) . In contrast, in the presence of DnaJ and ATP, this peptide was highly inefficient in competing with 32 for DnaK binding (Fig. 5B, lane 9) , despite the facts that the affinity of DnaK is at least 10-fold higher for this peptide than for 32 , and the peptide concentration used (25 M) was in 5-fold molar excess over 32 . DnaJ in the absence of ATP was not effective (Fig. 5B, lane 8) , suggesting that the DnaJmediated stimulation of ATP hydrolysis is crucial for recovery of the DnaK-32 crosslink. These data support the above conclusion that the DnaJ-dependent coupling mechanism allows DnaK to discriminate protein and peptide substrates.
Mechanistic Model for Functional Interaction Between DnaK and DnaJ. Together with earlier findings and in extension of previous models (5, 9, 19, 29, 32, 33) , our findings suggest a mechanism for DnaK regulation in which DnaJ is a (33) . This mechanism is most likely conserved within the Hsp70 family, since the involved structures of DnaJ and DnaK are conserved (2) . Differences exist for the mechanism by which DnaJ homologs interact with substrates. Some homologs associate directly with substrates similar to E. coli DnaJ, others may act indirectly to position the J domain, and thus Hsp70 partner proteins, in the neighborhood of potential substrates (15, 16) . Evolutionary conservation of this mechanism is supported by experiments for the uncoating of clathrin-coated vesicles, which requires Hsc70 and the DnaJ homolog auxilin (37) . Stimulation of ATP hydrolysis by Hsc70 occurs only when auxilin and clathrin are present (38) . Similarly, binding of yeast Hsp70, BiP (Kar2p), to immobilized substrates was greatly enhanced in an ATP-dependent manner by co-immobilization of the J domain of Sec63 (39) . It is tempting to speculate that the coupling mechanism employed by DnaJ is of broad importance within the Hsp70 family and accounts for functional diversity of Hsp70 chaperone systems in cells.
